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Abstract.  We used quick-freeze, deep-etch, rotary 
replication and immunogold cytochemistry to identify 
a  new structure at focal contacts. In Xenopus fibro- 
blasts, elongated aggregates of particles project from 
the membrane to contact bundles of actin microfila- 
ments. Before terminating, a  single bundle of 
microfilaments interacts with several aggregates that 
appear intermittently over a distance of several 
microns. Aggregates are enriched in proteins believed 
to mediate actin-membrane interactions at focal con- 
tacts, including B~-integrin, vinculin, and talin, but 
they appear to contain less t~-actinin and filamin. We 
also identified a  second, smaller class of aggregates of 
membrane particles that contained/~-integrin but not 
vinculin or talin and that were not associated with ac- 
tin microfilaments. Our results indicate that vinculin, 
talin, and ~-integrin are assembled into distinctive 
structures that mediate multiple lateral interactions be- 
tween microfilaments and the membrane at focal con- 
tacts. 
F 
OCAL contacts are specialized structures where actin 
filaments converge and terminate at the plasma mem- 
brane (16, 32, 44, 63, 65). Interactions between the 
membrane and microfilaments involve several proteins that 
are concentrated at focal contacts, including integrin (e.g., 
references 17, 21, 22; reviewed in 1, 61) and cytoskeletal pro- 
teins such as vinculin (26),  talin (13),  fimbrin (9),  tensin 
(71), paxillin (68), zyxin (5), and ot-actinin (40).  Biochemi- 
cal studies have suggested several ways in which these pro- 
teins could anchor microfilaments to the cytoplasmic surface 
of the plasma membrane at focal contacts. Early studies sug- 
gested  that particular  isoforms of integrin  ("CSAT';  47) 
bound talin, and that this complex then bound vinculin (35; 
reviewed in 15).  Later studies showed that integrins could 
also bind tx-actinin  (53).  Thus, integrin could anchor actin 
filaments indirectly through the actin-binding protein, tx-acti- 
nin, as well as through talin and vinculin. If both of these 
mechanisms are important for actin-membrane interactions, 
one would expect all these proteins to be concentrated at fo- 
cal contacts. 
Structural  studies  also  suggest two  models  for  micro- 
filament-membrane interactions at focal contacts. Focal con- 
tacts are several microns long, and individual actin filaments 
course over this entire distance before terminating (8). These 
filaments could bind to the membrane laterally as they ap- 
proach their termini. In this case, vinculin, talin, integrin, 
and other proteins of focal contacts would be expected to 
concentrate at many points along the filament length. Alter- 
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natively, filaments could attach only at their termini. In this 
case, the proteins of focal contacts would be expected to oc- 
cur only at the ends of microfilaments. 
Predictions of the relationship between actin microfila- 
ments and the membrane, and of the distribution of proteins 
at focal contacts, can be tested by ultrastructural methods 
coupled with immunocytochemistry. We exposed the cyto- 
plasmic surfaces of ventral membrane by mechanical shear- 
ing,  then used quick-freeze,  deep-etch,  rotary replication 
(QFDERR; 33) to study the organization of focal contacts. 
This method gives en face views of large areas of the plasma 
membrane, enabling us to characterize the organization of 
focal contacts in three dimensions. We show (a) that actin 
microfilaments at focal contacts make many lateral connec- 
tions to the membrane; and (b) that these connections occur 
at distinctive aggregates of particles that contain vinculin, 
talin and j31-integrin. Portions of this work have been pre- 
sented in abstract form (Samuelsson, S.  J.,  P. W.  Luther, 
D. W. Pumplin, J. B. Wade, and R. J. Bloch.  1990. J.  Cell 
Biol. lll:300a). 
Materials and Methods 
Cultures 
Procedures for culturing myotomal tissue from stage 21-23 Xenopus/aev/s 
embryos (51) have been described (3, 41). These cultures contain a nonmus- 
cle cell type (37) previously called a fihrohlast (10). For simplicity, we also 
refer to this cell as a fibroblast. At the stage at which we studied fibroblasts, 
they were nonmotile. 
Immunoblots 
Xenopus tadpoles were anesthetized in 0.2 % Tricaine (Sigma Chemical Co., 
St. Louis, MO). Their tails were removed, frozen in liquid nitrogen, lyophi- 
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boiling in sample buffer (39) for 5 min, followed by centrifugation. Proteins 
in the supernate  were separated by SDS-PAGE on gels containing  either 
10% or a 5-15 % gradient of acrylamide and transferred electrophoretically 
to nitrocellulose  paper  (12).  Standard  proteins  were from Bethesda  Re- 
search Laboratories  (Bethesda, MD). These methods have been described 
in detail elsewhere (7). 
Shearing 
Solutions used for shearing and labeling were isotonic for Xenopus  cells. 
Cultures  on glass  coverslips  were  incubated  in 3  mM ZnCI2, 60  mM 
NaC1, 0.67 mM KCI, 10 mM Pipes, pH 6.0, for 4-5 min (modified from 
reference 4) to increase the amount of ventral membrane left after shearing. 
To shear cells open, ice-cold buffer (50 mM Pipes, 10 mM MgCI2, pH 6.0) 
was sprayed onto the coverslips through an 18 gauge needle. Samples for 
immunocytochemistry were fixed in 0.5 % paraformaldehyde, 75 mM cyclo- 
hexylamine,  10 mM MgCI2, 10 mM Pipes, pH 6.5 (41) at 0°C. The fixa- 
tive was allowed to come to room temperature over 30 min, and was then 
replaced with 75 mM Tris buffer, 10 mM MgC12, 10 mM NAN3, pH 7.2. 
Nonspecific binding was reduced by incubation in 0.1% BSA in Tris buffer 
(BSA/Tris: 20 mM "Iris, 0.5 M NaCI,  10 mM MgCI2, 10 mM NAN3, pH 
7.4) for 1 h before incubation with antibodies. For experiments that did not 
involve immunogold labeling, the sheared samples were fixed for I h in ice- 
cold  1.0% glntaraldehyde,  0.25%  acrolein  in  50  mM  Pipes,  10  mM 
MgC12, pH 6.5, and  then  subjected  to QFDERR (see below).  Samples 
fixed with this solution and samples fixed with cyclobexylamine plus para- 
formaldehyde had similar morphology. 
Although proteins that were not firmly associated with the membrane at 
focal contacts were probably removed during shearing, this presents certain 
advantages. Nearly all of the cytoplasm was removed by shearing, leaving 
an unobstructed view of the membrane and associated structures. The pro- 
teins that remained after shearing were likely to be firmly attached to the 
focal contact and therefore play an important  role in its organization. 
Antibodies 
Monoclonal anti-vinculin antibody (3-24; mouse ascites fluid from the De- 
velopmental Studies Hybridoma Bank, Department of Biology, University 
of Iowa, Iowa City, IA) was used in immunocytochemistry and immunoblot 
studies at 3-4 #g/ml. All rabbit antibodies were affinity purified. A rabbit 
antibody against chicken gizzard vinculin (6) was used at 1-2 #g/ml. Rabbit 
anti-talin antibody, a gift of Dr. K. Burridga (University of North Carolina, 
Chapel  Hill, NC), was diluted  1,500-2,000x  for immunocytocbemistry 
and immunoblot studies. A rabbit antibody against a synthetic, 39-amino 
acid peptide corresponding to the COOH-terminal cytoplasmic sequence of 
#l-integrin (43) was provided by Dr. R. O. Hynes (Massachusetts Institute 
of Technology, Cambridge, MA). Before use, it was centrifuged briefly and 
then diluted 1:1,000-1:6,000x for immunocytocbemistry and 1:500 for im- 
munoblots.  Rabbit antibodies to a-actinin and filamin (69) from chicken 
gizzard (6) were used at 3.9 #g/ml and 1:500, respectively, for immunocyto- 
chemistry  and at 2 #g/ml and 1:600 for immunoblots.  MOPC 21 (Sigma 
Chemical Co.) and nonimmune rabbit serum were used at 1.8 and  10-20 
#g/ml, respectively. 
Immunolabeling 
Samples were labeled with primary antibodies (see above), followed by a 
secondary antibody conjugated to either fluorescein or rhodamine, and then 
a tertiary antibody adsorbed to colloidal gold (Janssen Life Sciences Prod- 
ucts, Olen, Belgium). The final antibody solution was applied at a dilution 
of 1:6 to 1:9 in 0.1% BSA/Tris, pH 8.3. For double-label experiments, cul- 
tures  were incubated  with both a biotinylated anti-rabbit  antibody and a 
fluoresceinated sheep antibody against mouse immunoglobulins. The final 
incubation consisted of streptavidin adsorbed to 15-nm gold particles com- 
bined with donkey anti-sheep immunoglobulin adsorbed to 5 am colloidal 
gold. Appropriate controls showed complete species specificity of  these sec- 
ondary and tertiary reagents. Areas of the samples that showed clear label- 
ing in immunofluorescence were selected for examination at the ultrastruc- 
tural level. 
Electron Microscopy 
Samples were subjected to QFDERR in a modified Balzer's apparatus, as 
described (57). Samples were washed in 5% methanol in D20 and frozen 
against a copper mirror at -196"C (55). Most D20 was removed when the 
samples passed through a jet of dry N2 gas as it descended to the freezing 
surface. Etching (sublimation) occurred over 2--4 h at a stage temperature 
of -95"C.  The evolution of D20 during  etching  was monitored  with a 
mass  spectrometer  (70).  After freeze-etching,  the  stage  was  cooled to 
-135°C in a vacuum of ,02  x  10  -s Tort, and ,'~1.2 nm of Pt was applied 
to the rotating sample from an angle of 200C. Carbon was then applied at 
an angle of 90* to the rotating stage. 
Replicas  were, examined  with  a  Zeiss  10CA electron  microscope 
equipped with a goniometer stage. Stereo images were recorded at +6* of 
tilt.  The micrographs  were photographically  reversed and printed  so that 
the gold particles appeared white and shadows appeared dark. Some images 
were printed  without photographic  reversal, to make it easier to see the 
5-rim gold particles. These photographs were digitized using a CCD camera 
(Photometrics,  Tucson,  AZ) and traced  with  a  graphics  program.  The 
identification of gold particles and actin filaments was confirmed by com- 
parison  to the original stereo micrographs. 
For quantitative measurements,  structures  of interest were outlined on 
electron micrographs (80,000 magnification). Areas were measured with a 
digitizing tablet and Bioquant software (R & M Biometrics, Nashville, TN). 
Results 
The major objective of our studies  was to characterize the 
cytoplasmic  surface  of the  membrane  at  focal contacts  of 
fibroblasts.  We  exposed  this  surface  by  shearing  cultured 
cells with a stream of buffer and used Nomarski optics to se- 
lect  isolated  cell  membranes  that  were  free  of overlying 
cytoplasm.  Subsequent  processing  for QFDERR  (see Ma- 
terials  and  Methods;  57)  produced  stereoscopic  images of 
focal contacts, revealing structures that have not been visual- 
ized by more conventional ultrastructural methods. In partic- 
ular,  we observed  aggregates  of particles  that  appeared  to 
connect microfilaments to the membrane.  Immunocytochem- 
ical studies  demonstrated  that  vinculin,  talin,  and/3~-inte- 
grin were concentrated  in these aggregates. 
Ultrastructure of the 
Microfilament-Membrane Interface 
Focal contacts appeared as areas of ventral membrane where 
linear bundles of filaments terminate (Fig.  1; see references 
2, 4,  16, 25, 32, 44, 49, 50, 64).  Filaments were 10.3  +  0.5 
nm in diameter (mean  +  SD; not corrected for ,ol.2 nm of 
applied platinum) and showed cross striations with a  repeat 
of 5.7 nm (e.g., Fig. 2-4, 7). Both values identify these struc- 
tures unambiguously  as  actin  (33). 
Although  a  few  actin  microfilaments  appeared  to  end 
directly on the membrane (Fig. 4, white arrows), most termi- 
nated at elongated aggregates of membrane-associated parti- 
cles.  These  structures,  which  we  refer  to  as  "type  I  ag- 
gregates"  occurred  intermittently  along  the  most  distal 
portions (1-3 #m) of microfilament bundles, where filaments 
came closest to the membrane (e.g., Fig.  1, curved arrows). 
The aggregates of particles appeared to fill the space between 
the  microfilaments  and  the  membrane  and  were  usually 
somewhat wider than the bundle itself. This interaction was 
most  clearly  seen  where  small  bundles  of actin  filaments 
were attached to a series of type I aggregates (Fig. 3). These 
microfilaments  made  multiple  lateral  contacts,  instead  of 
single,  end-on contacts,  with the membrane. 
Occasional aggregates of particles appeared in areas of the 
membrane that lacked microfilaments (e.g., Fig.  1, open ar- 
rows; Fig. 2, arrowheads). We identified most of these struc- 
tures  as  type  I  aggregates  because  they  were  of approxi- 
mately the same size and shape,  and were arranged linearly 
in the membrane.  (They also contained  proteins  typical of 
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brane  surface  of  focal  con- 
tacts.  Focal  contacts  in  cul- 
tured  Xenopus  cells  were 
exposed  by  shearing  with  a 
stream of  buffer. After fixation 
with a mixture of glutaralde- 
hyde and acrolein (see  Meth- 
ods), samples  were processed 
for ultrastructural  studies  by 
quick-freeze,  deep-etch,  ro- 
tary-replication.  This  stereo- 
pair  shows  two  bundles  of 
microfilaments  (arrows), one 
of which approaches and as- 
sociates  with the membrane. 
Below  and  beyond  this  fila- 
ment bundle are aggregates of 
particles that project from the 
membrane (type I aggregates; 
curved arrows). Parallel to the 
filament bundle is an area with 
a linear array of similar parti- 
cle aggregates  (open arrows) 
but  with  only  a  single  as- 
sociated  microfilament  (thin 
arrow), presumably  the  ves- 
tige  of a bundle of filaments 
largely removed by sheafing. 
M,  membrane;  S,  substrate; 
C,  coated  vesicle.  Bar,  0.5 
/zm. 
focal contacts:  see below.)  These  structures  were often in 
strips  of membrane that were raised slightly from the sub- 
strate  (Fig.  2, arrowheads),  and occasionally aligned with 
fibers of extracellular matrix that extended beyond the cell 
border (Fig. 8 b). We believe that these aggregates represent 
structures that remain at focal contacts when actin microfila- 
ments are removed by shearing. 
Because they were more easily studied,  type I aggregates 
that lacked overlying microfilaments were used for morpho- 
metric analysis. Particles within the aggregates were hetero- 
geneous in appearance and often occurred in groups of two 
or three. Clearly defined particles were 11.5  5:3.1 nm (range 
8.7-15.4;  23  particles  from two experiments)  in diameter. 
The average area of type I  aggregates was  18.1  +  17.5  x 
10  -3 #m  2 (range 2.8-145  x  10  -3 #m2; 247 aggregates from 
six  experiments).  Rather  than  being normally distributed, 
aggregates of larger sizes (>5  x  10  -3/zm  2) were less com- 
mon,  and a  histogram of aggregate size vs number of ag- 
Figure 2.  Focal  contacts  at 
membrane ridges.  This  sam- 
pie,  processed  as  in  Fig.  1, 
shows a linear array of parti- 
cles (arrows) that extends be- 
yond the  ends  of remaining 
microfilarnents.  This  array 
runs along a slight ridge in the 
membrane,  as  viewed  from 
the  cytoplasm.  A  similar 
ridge,  also  containing  ag- 
gregates  of particles,  has  no 
associated microfilaments  (ar- 
rowheads).  Type  U  particle 
aggregates are also evident be- 
tween  the  focal  contact  re- 
gions  (e.g.,  curved arrows). 
Bar, 0.5 #m. 
Samuelsson et al.  Ultrastructure of Focal Contacts  487 Figure 3. Microfilaments make multiple, lateral attachments to membrane-associated  particle aggregates. This stereo pair shows three type 
I aggregates (arrows) associated with a bundle  containing  at least two actin filaments. Because this association survived  the sheafing process, 
it is likely that the actin filaments and aggregates are bound to each other.  The lower, larger bundle of actin filaments has examples of 
both the large filaments (dual arrowheads) and small filaments (arrowheads) that also link microfilaments and plasmalemma (see Fig. 4). 
Bar, 0.25 #m. 
Figure 4.  Short filaments run 
perpendicularly  from  the 
microfilament bundle to  the 
membrane.  These  micro- 
graphs (upper and middle are 
stereo  pairs)  show two types 
of  short  filaments  that  link 
microfilament bundles to the 
membrane. One type of short 
filament  (dual  arrowheads) 
has  a  diameter of ,~8.4  run 
(without  correction for ,,ol.2 
nm of platinum) and the peri- 
odic banding typical of actin 
microfilaments.  The  second 
type of short filament (arrow- 
heads) is only ,x,4 nm in di- 
ameter and is smooth.  In ad- 
dition, some single microfil- 
aments  seem  to  terminate 
directly on the plasmalemma 
(arrow).  Type I aggregates of 
particles can be  seen where 
they extend laterally from the 
microfilament bundles (open 
arrows). Bar, 0.25  #m. 
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Figure 5. Large type I aggregates are less common than small ag- 
gregates. Type I aggregates have a wide range of sizes, and larger 
aggregates are progressively less common.  The number of type I 
aggregates larger than 2  x  10-*/zm  2  in area decreases  exponen- 
tially with size, so a plot of In (number of aggregates) vs aggregate 
area fits a straight line (inset). This suggests that particles making 
up the aggregate interact only with their nearest neighbors, and that 
formation of larger aggregates is noncooperative. 
gregates could be fitted by a single exponential (Fig. 5). This 
pattern suggests that the binding of additional units to an ag- 
gregate is independent of the size of the aggregate (cf., refer- 
ence  19),  which  in  turn  implies that  aggregates could be 
assembled  by  independent  addition  of  their  component 
structures. 
In addition to the type I aggregates that underlay all stress 
fibers at focal contacts, we observed other aggregates of cy- 
toplasmic particles in our preparations (Fig.  2, curved ar- 
rows). The particles comprising these structures resembled 
those  of type I  aggregates,  but  the  aggregates themselves 
were smaller in area (3.7  ±  1.9  x  10  -s #m  2, range  =  1.3- 
9.5; 32 aggregates from eight fields in two experiments) than 
type I aggregates, were circular rather than elongated, were 
not organized into linear arrays, and often were located be- 
tween recognizable focal contacts. We refer to these as "type 
II aggregates: Considering their distinctive distribution, we 
believe that type II aggregates are not directly involved in the 
interactions  between  actin  microfilaments  and  the  mem- 
brane. 
Except for the two types of particle aggregates and occa- 
sional areas of coated membrane and coated vesicles (e.g., 
Fig.  1 c;  also visible in Fig.  9 A),  the membrane between 
microfilament bundles was smooth. Tears in the membrane 
were common, however. These are probably due to stress 
during freeze-etching to a membrane already weakened by 
sheafing, but we were unable to eliminate them even with 
glutaraldehyde  or glutaraldehyde-acrolein fixation and the 
slow, controlled rates of etching that we used. Similar mem- 
brane defects appear in  micrographs of replicated  ventral 
membrane published elsewhere (e.g.,  references 49,  59). 
We also observed two types of short filaments, oriented 
perpendicular to the microfilament bundles, that appeared to 
connect microfilaments and the membrane at focal contacts 
(Fig. 4). The thicker type of short filament (e.g., Fig. 4, dou- 
Figure 6.  Specificity of anti- 
bodies  assayed  by  immuno- 
blotting. Tails of Xenopus tad- 
poles  were  dissected,  boiled 
in  sample  buffer,  and  sepa- 
rated  by SDS-PAGE in  10% 
(A) or 5-15 % gradients (B) of 
polyacrylamide.  After trans- 
fer  to  nitrocellulose  paper, 
strips were incubated with an- 
tibodies  followed  by  '2sI- 
protein  A  and  visualized  by 
autoradiography  (lanes 2 and 
3), or by anti-antibodies  cou- 
pled to HRP and visualized by 
a colorimetric  reaction (lanes 
1, 4, and 5). (Lane/) mAb anti-vinculin labels a band at 127 kD, 
as expected (20).  (Lane 2) Affinity-purified rabbit anti-ot-actinin 
labels bands at 105 and 50 kD. The latter is probably a proteolytic 
fragment  of ct-actinin (36, 54).  (Lane  3) Affinity-purified rabbit 
anti-talin  labels  a  band  at 210  kD,  as  expected  (13). (Lane  4) 
Affinity-purified rabbit antibody to the COOH-terminal  sequence 
of/~rintegrin  labels  bands  at  150  and  30 kD.  The broad anti- 
integrin band at 150 kD may be indicative of multiple glycosylation 
sites (42); the smaller band is probably a COOH-terminal  break- 
down product.  (Lane 5) Affinity-purified rabbit anti-filamin labels 
a  band  at  190  kD,  similar  in  size  to the  NH2-terminal,  actin- 
binding fragment of filamin (30). Arrowheads  show the positions 
of standard proteins,  as indicated in the left margin. These results 
indicate that the antibodies reacted specifically with the respective 
antigens or their proteolytic  fragments in Xenopus extracts. 
ble arrowhead) had a  diameter of 8.4  +  1.3  nm (mean  + 
SD,  12 filaments from six experiments; uncorrected for Pt 
coat of 1.2 nm), a length of 60 +  21 nm, and showed a plati- 
num repeat of 5.8  +  0.4 nm (six filaments from two experi- 
ments). Although these were probably actin microfilaments, 
they were distinguishable from single actin microfilaments 
that branched from a bundle and angled towards the mem- 
brane (e.g.,  Fig.  4,  white arrows) because they exited the 
microfilament bundle at a wide angle and were shorter and 
less variable in length. The second type of filament was thin- 
ner  (4.1  ±  0.9  nm,  12  filaments  from six  experiments), 
shorter (31  ±  9 nm), and always appeared smooth (e.g., Fig. 
4,  single arrowheads).  Neither type of short filament was 
abundant and many focal contacts did not appear to contain 
either structure. 
Immunocytochemical Studies of Proteins of 
Focal Contacts 
Our ultrastructural studies suggested that type I aggregates 
are  the  structures  mediating  the  attachment  of microfila- 
ments to the membrane at focal contacts. We therefore used 
immunocytochemical methods to determine whether these 
aggregates contained proteins typical of focal contacts. We 
used antibodies that have been characterized previously in 
other species (6, 43, 62, 68), and confirmed that each bound 
an antigen with the appropriate molecular weight in extracts 
of Xenopus muscle (Fig. 6). Before using these antibodies to 
localize their respective antigens at the ultrastructural level, 
we tested their ability to label focal contacts and actin fila- 
ments by immunofluorescence. As expected, vinculin and ta- 
lin were concentrated  at focal contacts,  but ot-actinin and 
filamin were present both at focal contacts and elsewhere 
Samuelsson et al. Ultrastructure  of Focal Contacts  489 Figure Z Stereo pair of focal contact labeled with anti-vinculin and anti-talin.  After shearing,  this sample was double labeled with a mouse 
antibody against vinculin (revealed by 5-nm colloidal gold particles)  and with a rabbit antibody against talin (revealed by 15-nm colloidal 
gold particles).  Although the smaller particles  are difficult to see, the large difference in sizes made it easy to compare the distributions 
of the two markers.  (a) Labeling by both antibodies  occurs intermittently  along the terminal  region of the microfilaments.  Labeling of 
vinculin (5-nm gold particles,fine arrows) and talin (15-nm gold particles,  no arrows) in particle aggregates is clearest where the aggregates 
extended beyond the microfilament bundles (open arrows). This stereo micrograph of a relatively large area is shown at medium magnifica- 
tion.  (b) Enlargement of the area to the right of the bracket in a. The 5-nm particles of colloidal gold are more easily seen here,  without 
photographic reversal,  especially as most are surrounded by small "haloes" due to bound protein and applied  platinum.  (Those particles 
that lack a halo were probably protected from the beam of platinum by surrounding structures).  (c) Tracing of the micrograph shown in 
b indicates  the positions of all the gold particles  (15 urn,/arge dots;  5 nm, small dots).  The thick lines  represent  actin microfilaments; 
the thin dashed lines represent an edge of the membrane fragment. Arrows indicate the same location in b and c. These results show that 
vinculin and talin codistribute in type I aggregates.  Bars: (a) 0.25  #m; (b and c) 0.1 #m. 
along bundles of actin microfilaments (not shown). Immuno- 
fluorescence data showed that/31-integrin was present at fo- 
cal contacts, but the binding of anti-integrin was limited un- 
less actin microfilaments were first removed (e.g., during the 
shearing  process  or  by  alkaline  extraction:  Samuelsson, 
S. J.,  E  W.  Luther,  and R.  J.  Bloch, manuscript in prepa- 
ration). 
We used these antibodies in immunocytochemical experi- 
The Journal of Cell Biology, Volume 122,  1993  490 Figure 8.  Focal contacts labeled with anti-/3~-integrin antibody. These samples were sheared, fixed, and labeled with a rabbit antibody 
to/3~-integrin followed by 10 nm colloidal gold probes. (a) Type I aggregates extending beyond a small microfilament bundle are labeled 
for integrin (curved open arrow). Type II particle aggregates away from the focal contact also label with integrin antibodies (curved arrow- 
heads). (b) Linear extracellular matrix material (thick arrows) is seen near and below this fibroblast. Type I aggregates of particles align 
over these extracellular filaments. Anti-Brintegrin  antibodies label the particle aggregates (open arrows). S, substrate. Bars, 0.25/~m. 
ments at the ultrastructural level. Vinculin (Figs.  7 and 9) 
and talin (Fig.  7) were both highly enriched at type I  ag- 
gregates (Fig.  10).  Stereoscopy showed that gold particles 
labeling talin and vinculin usually lay between the microfila- 
ments and the membrane (not shown). In double labeling ex- 
periments, gold particles marking the two proteins lay very 
close to each other (Fig. 7, b and c). Thus, vinculin and talin 
codistributed in situ within type I aggregates. Antibodies to 
vinculin or talin did not label portions of microfilament bun- 
dies that were not close to the membrane (not shown). 
Like  labeling  for  vinculin  and  talin,  labeling  for  /31- 
integrin was present at type I  aggregates (Fig.  8 a).  Anti- 
B~-integrin  labeled the full extent of type I aggregates only 
when they were free of overlying microfilaments, however 
(e.g., Fig. 8 b), confirming immunofluorescence results (not 
shown). This suggests that access of antibodies to the COOH- 
terminal cytoplasmic sequence of B~-integrin  is blocked by 
overlying cytoskeletal structures (see Discussion; Samuels- 
son, S. J., E  W. Luther, and R. J. Bloch, manuscript in prep- 
aration). 
Type II aggregates were also labeled by anti-/3t-integrin 
antibodies (Fig.  8 a,  curved arrowheads) but were not la- 
beled by antibodies to vinculin or ot-actinin (Fig. 9, c and d, 
arrows), or by antibodies to talin (not shown)./3~-Integrin, 
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The Journal of Cell Biology, Volume  122, 1993  492 Figure 9. Stereo pair of a focal contact labeled with anti-vinculin and anti-a-actinin. This preparation was double labeled with mouse anti- 
vinculin (5-nm gold particles) and rabbit anti-ot-actinin  (15-nm gold particles). (a) Vinculin labeling was seen between the microfilaments 
and the membrane, where filaments obscure type I aggregates (e.g., thin arrows). In contrast, a-actinin labeling extended along the entire 
length of microfilaments. The type I aggregate seen at the upper right was not labeled with anti-c~-actinin.  (b) Enlargement of the area 
within the brackets in a, without photographic reversal (see Fig. 7), shows the relationship between 5-nm colloidal gold particles (e.g., 
small arrows) and 15-nm particles (e.g., large arrow). (c) Tracing of the micrograph shown in b indicates the positions of all the 15-nm 
(large dots) and 5-nm (small dots) gold particles.  The thick lines represent actin microfilaments. Arrows indicate the same locations in 
b and c. (d and e) Type II aggregates (e.g., arrows) are not labeled with antibodies to vinculin and ot-actinin,  shown with (d) and without 
(e) photographic reversal. Bars:  (a) 0.25/zm;  (b and c) 0.10/~m;  (d and e) 0.10/~m. 
therefore,  codistributes  with vinculin and talin in type I  ag- 
gregates,  but occurs in the absence of these other proteins 
in type II aggregates. 
Immunogold  labeling  for c~-actinin  (Fig.  9)  and  filamin 
(69;  data  not shown)  appeared  in  stress  fibers both at and 
near  focal  contacts.  Stereoscopic  views  of focal  contacts 
showed that this  labeling  was distributed  around  microfila- 
ments  (Fig.  9).  In  some  samples,  anti-ot-actinin  and  anti- 
filamin  antibodies  labeled  type I  aggregates  even when  no  l a, 
actin microfilaments were evident. Quantitation of gold par-  "Z 
ticles  in such  areas  showed that type I  aggregates were la-  .~ 
beled by anti-ot-actinin, or anti-filamin more sparsely than by  %  8 
anti-vinculin,  anti-talin,  or anti-/~-integrin  (Fig.  10). 
Our labeling procedures were specific. The antibodies we 
used gave distinctive patterns of labeling, and only a few gold  ~ 
.~  4  particles were seen following labeling with a control mouse  8 
antibody (MOPC 21: Fig.  10) or with preimmune rabbit se- 
rum (not shown).  This control labeling was random and not 
0  associated  specifically  with  aggregates  of membrane  par- 
ticles. 
Extracellular Matrix at Focal Contacts 
Extracellular matrix associated with Xenopus fibroblasts was 
easily distinguished from the denatured collagen substrate in 
our replicas (Fig.  8).  In some samples we found type I  ag- 
gregates,  labeled  with  anti-/~l-integrin,  aligned  above bun- 
dles of extracellular filaments (Fig. 8 b, thick arrow). These 
results  suggest  that,  like  integrin-rich  structures  in  other 
cells (1, 61), type I aggregates are associated with extracellu- 
lar matrix. 
Discussion 
We isolated  membranes from cultured Xenopus fibroblasts 
and used quick-freeze, deep-etch, rotary replication to inves- 
tigate the interface between microfilaments and the cytoplas- 
mic surface of the membrane at focal contacts. Although sev- 
eral  ultrastructural  techniques  have been  used  to  examine 
focal contacts  (e.g.,  8,  25,  50,  64,  66),  our  shearing  and 
quick-freezing procedures  are the first to give a  wide view 
of ventral  membrane  and  simultaneously  to  preserve  the 
three-dimensional  relationship  between microfilarnents and 
the membrane that is  seen at focal contacts  in  intact  cells 
i~1"Int I-1  l-1 
v~ 
1  rE-,  I  T 
{z-Act  l~il  MOPC 
Figure 10.  Bar  graph  comparing  density  of immunolabeling  at 
membrane-associated particle aggregates. Gold particles overlying 
clearly exposed type I aggregates where counted by hand, whereas 
areas of aggregates were measured with a digitizing tablet. The con- 
centrations of/3rintegrin and talin at the aggregates were three to 
four times higher than the concentration of c~-actinin and filamin, 
and these differences were significant (P <  .05, multiple correlation 
rank sum test). Vinculin labeling was significantly less than label- 
ing  for /31-integrin  and  talin,  but  not  significantly  greater  than 
labeling for filamin. Labeling by the control antibody, MOPC 21, 
was absent at 68 of 73 particle aggregates; labeling by nonimmune 
rabbit IgG was also extremely infrequent (not shown).  The large 
standard deviation in samples labeled by MOPC 21 was caused by 
a  cluster of 11  gold particles associated with a  single aggregate. 
Nevertheless, labeling by MOPC 21  was significantly lower than 
that for filamin and vinculin (P <  .001). though not for ct-actinin 
(P >  .05). When the data are analyzed without including the cluster 
of 11 gold particles in the MOPC 21 sample, the difference between 
MOPC 21  and a-actinin is highly significant (P <  .001). 
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distinctive aggregates of membrane-associated particles that 
link microfilaments to the membrane, and show that vincu- 
lin, talin, and integrin are concentrated in these aggregates. 
Actin-Membrane Interactions 
Our results show that most of the sites where microfilaments 
attach to the membrane contain elongated aggregates of par- 
titles that project from the inner surface of plasma mem- 
brane. These type I aggregates are found intermittently along 
the terminal few microns of microfilament bundles. As they 
extend from the membrane and seem to contact microfila- 
ments at several sites, these aggregates appear to mediate 
multiple lateral attachments of microfilaments to the mem- 
brane at focal contacts. Consistent with this idea, type I ag- 
gregates  contain  at  least  three  proteins  typical  of focal 
contacts-vinculin, talin, and/~-integrin-that are believed 
to link microfilaments to the cytoplasmic face of the plasma 
membrane. Thus, type I aggregates are both the dominant 
membrane specialization at focal contacts and the structure 
in which the major proteins of focal contacts are located. 
In addition to the type I aggregates, two other structures 
may contribute to microfilament-membrane interactions at 
focal contacts. (a) Short actin-like filaments extend perpen- 
dicularly from the main body of the filament bundle and ap- 
pear to attach directly to the membrane. The discrepancy be- 
tween the diameters of the  short filaments (8.4  nm)  and 
single microfilaments located further from the membrane 
(10.3 am) can be explained if replication of the former is 
partly obscured by the adjacent microfilament bundles. Our 
replicas  do not reveal  whether the  short filaments insert 
directly  into  the  bilayer,  which  could  be  facilitated  by 
cytoskeleton lipid interactions (52, 67), or if they bind via 
proteins that are too small to be detected by replication (e.g., 
ponticulin: 72).  (b) Actin-membrane attachments are also 
mediated by short, ~4-nm diam filaments that, unlike actin, 
show no periodicity of platinum decoration.  These small 
filaments also appear to attach directly to the membrane. 
Similar filaments associated with actin have been described 
by others (31, 34,  63;  Hartwig, J.  H.,  P.  A.  Janmey, A. 
Rosen, M. Thelem, A. C. Nairn and A. Aderem.  1990. J. 
Cell Biol. lll:8a), ot-Actinin, too, is approximately this size 
(36). These filaments were not labeled by any of the antibod- 
ies we used, however. 
Aggregates of Membrane Particles 
It is likely that integrin accounts in large part for the distinc- 
tive appearance of the particle aggregates at focal contacts. 
With the exception of overall size, the ultrastructure of type 
I aggregates, which contain integrin, vinculin, and talin, is 
identical to that of type II aggregates, which contain integrin 
but not vinculin or talin. Thus, despite their large size, vin- 
culin and talin are not apparent as distinctive structures at 
the cytoplasmic aspect of focal contacts. This implies that ei- 
ther these proteins do not have the distinctive shape in situ 
that they assume when isolated (45), or that individual pro- 
teins are obscured within the complex organization of the 
particle aggregates. 
Type II aggregates are composed of several individual par- 
ticles, consistent with observations that purified integrin can 
aggregate (48).  Although integrin almost certainly accounts 
in part for the appearance of the particles, replication of the 
small cytoplasmic domain of integrin in type II aggregates 
would not be expected to produce projections of the size that 
we see (48).  Platinum decoration could conceivably enlarge 
them. Alternatively, the 50-kD integrin-associated protein 
(11) or macromolecules other than vinculin and talin may be 
present at these sites and contribute to the cytoplasmic as- 
pect of integrin aggregates. 
Our results clearly show that vinculin and talin occur in 
type I particle aggregates, where they could mediate the as- 
sociation of actin with the cytoplasmic tail of integrin (14, 
35,  42,  46,  60).  The proximity of actin filaments to  /~- 
integrin is suggested by our observation that antibodies to the 
cytoplasmic tail  of/~-integrin did not label  that protein 
when overlying actin filaments are present. In double label- 
ing experiments, we also found that binding of anti-vinculin 
antibodies reduced the ability of anti-~-integrin antibodies 
to label type I, but not type II, aggregates (S. Samuelsson, 
unpublished observations). These observations are consis- 
tent with the idea that vinculin and actin microfilaments are 
closely associated with/3~-integrin at focal contacts. 
In contrast to vinculin and talin, ~actinin and filamin ap- 
pear to be less prominent components of type I aggregates. 
Quantitative estimates of the density of these proteins must 
be interpreted with caution because of the possibilities of 
nonsaturating labeling conditions, steric hindrance, antigen 
loss during shearing, differences in antibody affinities, and 
the presence of isoforms not recognized by our antibodies. 
Nonetheless, because both ct-actinin and filamin distribute 
along bundles of actin filaments and do not appear preferen- 
tially at type I aggregates, these proteins are more likely to 
be involved in organizing the filaments into bundles than in 
attaching them to the plasma membrane. 
Although focal contacts have been examined by others 
using replication methodology, the ultrastructural elements 
that we report were not previously described. Feltkamp et 
al. (25) used "wet cleaving" to expose the cytoplasmic sur- 
face of focal contacts and then processed their samples by 
critical point drying. They observed immunogold labeling of 
vinculin and talin at focal contacts but were unable to resolve 
the particulate structures containing these proteins. In the 
chick fibroblasts they examined, labeling for vinculin and ta- 
lin was usually continuous and not intermittent, as we report 
for Xenopus fibroblasts. This difference may be due to spe- 
cies or tissue variation. Nermut et al. (49) employed "lysis- 
squirting" followed by either critical point drying or plunge- 
freezing in liquid nitrogen to study the cytoplasmic surface 
of focal contacts in rat fibroblasts.  They showed that vinculin 
was  distributed along microfilaments and associated with 
particulate material, but their methods did not preserve the 
three-dimensional organization of the  focal contact.  Our 
ability to preserve this organization is probably due to care- 
ful adjustment of the amount of water on the samples before 
rapid freezing on a metal mirror (33,  55, 57;  reviewed in 
24, 29). 
Significance 
The factors that control the growth of actin microfilaments 
at the cell periphery and the distribution of integrin in the 
plasma membrane are still poorly understood.  Actin mi- 
crofilaments grow preferentially at their "barbed" ends. As 
these are also the ends that attach at focal contacts, it has 
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fibers elongate. Our observation that bundles of microfila- 
ments attach laterally to the membrane at focal contacts sug- 
gests that the barbed ends may be free to elongate without 
first detaching. Chia et al. (18) recently reported that pontic- 
ulin mediates lateral attachment of microfilaments to the 
plasma membrane in Dictyostelium, allowing growth at both 
the pointed and the barbed ends. Although we cannot rule 
out the possibility that an interaction between actin and the 
membrane occurs at the ends, our data suggest that lateral 
attachments are sufficient to anchor microfilaments. 
Cells contain significant amounts of integrin that is mobile 
in the plasma membrane (23) and that redistributes during 
the formation of new attachment sites (e.g., references 17, 
22,  58,  66).  The integrin in type I aggregates of Xenopus 
fibroblasts is probably immobile, as observed at focal con- 
tacts in other cells (23; see also reference 27).  The type H 
aggregates,  which contain integrin but are  not associated 
with the cytoskeleton, may contribute to the mobile integrin 
fraction, however. Although the relationship between type I 
and type II aggregates remains unclear, it seems possible the 
two are in equilibrium, and that the formation of type I ag- 
gregates may be triggered by binding of type II aggregates 
of integrin to extracellular proteins and subsequent signaling 
events (see, e.g., reference 38). With this possibility in mind, 
we are continuing our immunocytochemical studies to char- 
acterize the peripheral membrane proteins associated with 
type I and type II aggregates of integrin in Xenopus fibro- 
blasts. 
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